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Simultaneously with the turning-on of the Large Hadron Collider (LHC) the data taking for jet production rates 
will start. The study of these production rates is an important test of the Standard Model in the new energy 
regime accessible at the LHC. In order to discriminate possible extensions of the Standard Model accurate 
theoretical predictions are needed. We investigate the next-to-leading order weak corrections for bottom-quark 
jet and di-jet production at the LHC and find detectable effects in transverse momentum distributions. 



1. Introduction 

With the start of the Large Hadron Collider (LHC) 
a new energy regime is accessible, either to confirm 
the Standard Model (SM) or to verify new physics 
at the TcV scale. Famous possible SM extensions 
are heavy gauge bosons (e.g. Z'), Supersymmctry 
or Kaluza-Klein resonances in models with extra di- 
mensions. Beside the outstanding discovery of the 
Higgs boson, processes involving top-quarks, gauge 
bosons of the weak interaction and jets are of par- 
ticular interest. The experimental identification will 
rely on their characteristic decay products with lep- 
tons or (bottom-) jets as characteristic examples. In 
addition to this SM processes, (bottom-) jets are also 
involved in many decays originating from signals for 
physics beyond the SM. In particular new resonances, 
e.g. heavy gauge bosons, decaying into 6-jets or light 
quark jets require a detailed SM-based prediction to 
prove a possible deviation from the SM. This needs a 
detailed theoretical understanding of the correspond- 
ing processes like bottom-quark pair, single bottom- 
quark and di-jet production. These processes were 
studied in the past. The differential cross section for 
bottom-quark pair production is known to next-to- 
leading order (NLO) accuracy in quantum chromo- 
dynamics (QCD) 0, 0. For massless single bottom 
production and di-jetproduction the NLO QCD can 
be found in Refs. [| [J. 

It is well known that weak corrections can also be 
significant because of the presence of possible large 
Sudakov logarithms. These effects were studied inten- 
sively for several processes like weak boson and top- 
quark pair production d i, 0, H H El E0, El El ■ 
Earlier work on Sudakov logarithms in four-fermion 
processes can be found in Refs. 0, El EE El El El 

m, n m m 

found in Rcf. 



A study for &-jet production can be 



2. Leading order processes 

In the following processes with initial state pho- 
tons are neglected and we distinguish between quark- 
induced processes (with two quarks in the initial state, 



one of these being u,d,c,s), gluon-induced contribu- 
tions (with one or two gluons in the initial state) and 
in the case of &-jet production also pure bottom-quark 
induced processes. The LO gluon induced processes 
proceed through QCD amplitudes only while the four 
quark processes can be seperated into QCD 0{a s ), 
electroweak QCD 0(a 2 ) and mixed QCD-electroweak 
0(aots) contributions. Sample diagrams are shown 
in Fig. [1] and Fig. O Here the light quarks (denoted 
gcncrically by q and q) and the bottom-quark (b and 
b) are taken as massless. Since jets close to the beam 
pipe escape detection, we require a minimal transverse 
momentum pJp* of 50 GeV. The leading order cross 
section is then obtained from 



V / dxi / dx 2 fi/ Hl (^)fj/H 2 

i a JO Jo 
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(1) 



where the factorization scale dependence is suppressed 
and x\ and X2 are the partonic momentum fractions. 
The parton distribution functions (PDF's) for parton i 
in hadron H are denoted by fi/n- The sum runs over 
all possible parton configurations in the initial 

state. 



2.1. 6-jet production 

For 6-jet production three types of partonic pro- 
cesses will be distinguished at leading order: 

quark — induced : qq — ► bb, bq — > bq, bq — ► bq, 

bq — ► bq, bq — > bq, 

gluon — induced : gg — > bb, bg — > bg, bg — > bg, 

bottom — induced : bb — > bb, bb — ► bb, bb — > bb. 

Furthermore we distinguish between single 6-tag and 
double 6-tag events. The LO px-distribution for sin- 
gle 6-tag events at the LHC is presented in Fig.[3](a). 
The gluon-induccd processes dominate in the low en- 
ergy regime (pr < 500 GeV). For larger than 500 
GeV the quark-induced processes take over and finally 
dominate the distribution. This "cross over" of gluon- 
and quark-induced contributions is a consequence of 
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Figure 1: Sample Born diagrams for quark- induced pro- 
cesses. 




that the main contribution from 66, bb and bb scat- 
tering comes from the low region, while for high 
Pt values these effects are small. It might be inter- 
esting to study whether the 6-PDF could be further 
constrained using bb production at low p^. 
As shown above, the leading order contributions from 
electroweak gauge boson exchange are always negligi- 
ble for the study of 6- jet production. This is also true 
in the context of NLO corrections with an expected 
size of serveral percent relative to the leading order 
distributions. Moreover, we have shown that the QCD 
contributions from processes with two bottom-quarks 
in the initial state are unimportant for the study of 
PT-distributions at large transverse momentum. In 
particular with regard to the Sudakov logarithms be- 
coming important at high energies this approximation 
is justified. Consequently the weak 0(a) corrections 
to bb — > bb, bb — ► bb and bb — > 66 will not be taken into 
account. For further details we refer to Ref. [24j . 




Figure 2: Sample Born diagrams for gluon-induced pro- 
cesses. 



the different behaviour of LHC quark and gluon lumi- 
nosities. The relative contributions from the exchange 
of electroweak bosons and bottom-induced processes 
are always below 1% and therefore negligible. A simil- 
iar picture is observed for the differential cross section 
for double 6-tag events at the LHC (Fig. [3jb)). Here 
the "cross over" of quark- and gluon-induced contri- 
butions is around pt = 1 TeV. For low pt the pure 
bottom-induced processes are as important as quark- 
induced contributions. This seems surprising, because 
the parton luminosities of bottom-quarks in a pro- 
ton should be highly suppressed compared to the light 
flavours. There are two reasons for the relatively large 
cross section of the purely bottom-induced processes. 
First, the partonic cross sections of 66 and 66 scatter- 
ing are strongly enhanced for large z values. In this 
region the parton processes with bottom-quarks in the 
initial state can be several orders of magnitude larger 
than the quark-antiquark-induced process. Second, 
the bottom-quark PDF is essentially obtained by mul- 
tiplying the gluon distribution in the proton with the 
splitting function of a gluon into a bottom-quark pair. 
Because of the high gluon luminosities at low energies, 
the bottom-quark PDF becomes of the order of a few 
percent relative to the PDF's of the light flavours. 
This, together with the large partonic contributions 
is responsible for the relatively large bottom-induced 
differential cross section. The argumentation implies 



2.2. Di-jet production 

For di-jet production the partonic final state con- 
sists of light quarks and/or gluons. Similiar to 6-jct 
production we distinguish between quark- and gluon 
induced processes. 



quark — induced : qq 



gluon — induced 



qq 

qq- 

99 
99 



qq, qq qq, qq 1 -> qq', 
» qq', qq^ qq, qq -> qq, 
qq, qq -> 99 
qq, qg -> qg, qg -> qg, 
gg- 



The LO px-distribution and its composition at the 
LHC is shown in Fig. [4] The differential cross section 
is dominated by contributions coming from the QCD 
processes. The contributions of 0(aas) and 0(a 2 ) 
are at the permille level for transverse momenta up 
to 1 TeV. For higher pt values the electroweak con- 
tributions remain insignificant while the mixed QCD- 
electroweak contributions yield up to 5% to the dif- 
ferential cross section at pt = 2 TeV. In context of 
the Sudakov Logarithms the four gluon process will 
not receive weak corrections within the SM at NLO 
accuracy. Therefore in the lower figure of Fig. 0] the 
relative impact of this process on the px-distribution 
is shown in magenta. For p^ < 100 GeV gg — > gg pro- 
vides the major contribution to the differential cross 
section. With increasing p^ values the relative con- 
tribution drops but remains non-negligible for the de- 
picted pt region. For px > 1-5 TeV 90% of the cross 
section is delivered by the remaining QCD processes, 
which receive NLO weak corrections. 
The discussion shows that the contributions of 0(a 2 ) 
are always negligible for di-jet events at the LHC. In- 
vestigating the NLO 0(aa 2 s ) corrections to di-jet pro- 
duction the 0(aas) and 0(a 2 s ) contributions can not 
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Figure 3: Differential cross section as a function of pt for single 6-tag events (upper left figure), double 6-tag events 
(upper right figure) at the LHC (y/s = 14 TeV) and the relative composition normalized to the Born cross section (lower 
figures) . 
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which justifies the calculation of the weak corrections. 
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Figure 4: Differential cross section as a function of pt 
for di-jet events(upper figure) at the LHC (y/s = 14 TeV) 
and the relative compsosition normalized to the Born cross 
section (lower figure). 



be seperated and therefore QCD and weak corrections 
must be calculated. Moreover it was shown, that the 
relative contribution of the partonic channel gg — > gg 
is of the order of 5-20% in the high energy regime, 



3. Weak corrections of 0(aa 



As before we subdivide the partonic channels in 
contributions from quark-induced and gluon-induced 
processes. For the calculation of the next-to-leading 
order weak corrections the 't Hooft-Feynman gauge 
with gauge parameters set to 1 is used. The longitu- 
dinal degrees of freedom of the massive gauge bosons 
Z and W are thus represented by the goldstone fields 
X and </>. Since all incoming and outgoing partons are 
massless there are no contributions from the Gold- 
stone boson x an d the Higgs boson (also not cf> for 
di-jet production). Ghost fields do not contribute at 
the order under consideration. The virtual contribu- 
tions to quark-induced processes contain infrared and 
ultraviolet singularities, while the gluon-induced ones 
are infrared finite. Concerning O(a) corrections to 
QCD processes only wave function renormalisation is 
needed and no mass or coupling renormalisation has 
to performed. For the QCD corrections to 0(aas) 
processes the renormalisation is performed in the MS 
scheme. The quark-induced contributions consist of 
virtual and real corrections and to handle the 1R sin- 
gularities we use the dipole subtraction formalism by 
Ref. [25j |. In addition the results for 6-jet production 
were cross-checked by implementing a phase space 
slicing method 0. The comparison between slicing 
and subtraction method is shown in Fig. [S] 
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Figure 5: Difference between results based on dipole for- 
malism and phase space slicing for the differential cross 
sections for the different quark-induced channels in terms 
of standard deviations. For the comparison only the rel- 
evant IR contributions (boxes and real corrections) were 
taken into account. 



For the subsequent discsusion y/s — 14 TeV will be 
adopted. The relative corrections for 6-jct produc- 
tion to the leading order px-distributions are shown in 
Fig. [6] For single 6-tag events (upper figure) the rela- 
tive corrections are always negative and of the order of 
a few permille up to -1% for 50 GeV < p T < 250 GeV. 
For 250 GeV < p T < 1 TeV the weak NLO contribu- 
tions vary between —1% and —8%, compared to the 
leading order distribution, a consequence of the Su- 
dakov logarithms. In the high energy regime (px > 1 
TeV) the relative corrections amount to —10% and 
will even reach —14% for px = 2 TeV. 
The lower figure in Fig. [6] shows the relative correc- 
tions for double 6-tag events at the LHC. Despite the 
strong suppression of qq — > 66 at leading order (see 
Fig. GUb)) a small remnant of the enhancement from 
virtual top-quarks is visible in the double 6-tag case. 
With increasing px the Sudakov logarithms dominate 
the shape of the weak NLO contributions and yield 
relative corrections between —1% and —7% (250 GeV 
< pt < 1 TeV). At the highest px- values considered 
relative corrections up to —14% are observed. 
Fig. [7] (upper figure) shows the integrated cross sec- 
tion for single 6-tag events at the LHC together with 
an estimate of the statistical error based on an inte- 
grated luminosity of 200 fb~ . The same composi- 
tion in shape and magnitude is observed as for the 
differential distribution. The statistical error esti- 
mate matches the size of the weak corrections up to 
Pt — 1.5 TeV. For higher px-valucs the rate drops 
quickly and it will be difficult to observe the effect of 
the weak corrections. For double 6-tag events (lower 
figure) we find again the smoothing of the tt-threshold 
for the relative weak corrections, while the composi- 



tion of the curve for px > 250 GeV is very similiar to 
the already discussed differential distribution. Con- 
sidering the statistical error, the slight increase from 
virtual top-quarks will not be observable at the LHC. 
For px-values between 250-1000 GeV the weak correc- 
tions arc larger than the statistical error, above px = 1 
TeV they are comparable or smaller. 
In Fig. [5] we show results for the LHC operating at 
y/s = 10 TeV. The absolute cross sections are by more 
than a factor two lower, due to the lower parton lumi- 
nosities. However the impact of the electrowcak cor- 
rections is nearly the same and qualitatively similiar 
results are obtained for the relative NLO corrections. 
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Figure 6: Relative weak corrections for single 6-tag (upper 
figure) and double 6-tag (lower figure) events at the LHC 
(^=14 TeV). 



For di-jet production we present a preliminary result 
for the rcaltive weak corrections to the px-distribution 
in Fig. [9] We find similiar results like for the 6-jct 
case. However the magnitude of the weak corrections 
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Figure 7: Relative corrections to the cross section for pt > 
p^ 1 at the LHC for single b-tag (upper figure) and double 
6-tag events (lower figure). The red lines give an estimate 
on the statistical uncertainty as described in the text. 



is smaller. For 50 < px < 1000 GeV the relative cor- 
rections are negative and of the order of a few percent. 
For > 1 TeV the NLO weak corrections become of 
the order of -10% up to -12% at p T = 2 TeV. 



4. Conclusions 

We have presented numerical predictions for the 
weak NLO corrections to 6-jet and di-jet production at 
the LHC. For 6-jet production we find the NLO weak 
corrections decrease the LO px-distribution by -10% 
for transverse momenta around 1 TeV for single &-tag 
as well as double 6-tag events. These effects are larger 
than the anticipated statistical uncertainty. The pre- 
liminary result for di-jet production indicates that the 
weak corrections lower the LO pi-distribution by sev- 
eral percent for high transverse momenta at the LHC. 
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Figure 8: Relative corrections for single b-tag (a) and double b-tag events (b) at the LHC operating with a center-of-mass 
energy y/s — 10 TeV (upper figures) and the ratio of the differential leading order cross sections at the LHC operating 
at 10 TeV and 14 TeV (d<r L o(10 TeV)/dp T ) / (d<x L o(14 TeV)/dp T ) (lower figures). 
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Figure 9: Relative corrections for di-jet events at the LHC 
(v^=14TeV). 
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